We describe a fast, easy, and potentially universal method for the de novo solution of the crystal structures of membrane proteins via iodide-single-wavelength anomalous diffraction (I-SAD). The potential universality of the method is based on a common feature of membrane proteins-the availability at the hydrophobic-hydrophilic interface of positively charged amino acid residues with which iodide strongly interacts. We demonstrate the solution using I-SAD of four crystal structures representing different classes of membrane proteins, including a human G proteincoupled receptor (GPCR), and we show that I-SAD can be applied using data collection strategies based on either standard or serial x-ray crystallography techniques.
INTRODUCTION
Membrane proteins (MPs) are the key functional components of cell membranes. They carry out the main functions of cells including ion and solute transport and energy and signal transduction. MPs represent roughly one-third of the proteins encoded in any genome, including the human one (1) . However, although they are also extremely important drug targets [up to 60% of all existing drug targets are MPs (2)], they still remain poorly structurally characterized compared to soluble proteins, mainly because their production and crystallization are two major bottlenecks of structural biology. Structural investigations by x-ray crystallography thus remain a significant challenge. This challenge becomes even more demanding if the crystal structure cannot be solved by molecular replacement (MR) methods. In these cases, the most popular approaches are the use of heavy atom derivatization (3), the substitution of methionine with selenomethionine (4), and native sulfur singlewavelength anomalous diffraction (SAD) phasing (5, 6) . However, these techniques can be expensive and hazardous and are often not very efficient (6) (7) (8) . A reliable, fast, and easy method of preparing these derivatives would thus be a huge step forward in the production of MP crystal structures.
Several reports have shown halide-SAD to be a promising method for phasing the crystal structures of water-soluble proteins (9, 10) , and more recently, iodide-SAD (I-SAD) has been used to solve the structure of an MP (7) . The distribution of positively charged amino acids at, or close to, the membrane hydrophobic-hydrophilic interface is considered to be a major determinant of the transmembrane topology of integral MPs (11) and is one of their most universal features. In this context, the "positive-inside" rule suggests that regions of polytopic (multispanning) MPs facing the cytoplasm are enriched with arginine, lysine, and, to a lesser extent, histidine amino acid residues (11) (12) (13) . In addition, there are also observations of an enrichment of tryptophan and tyrosine residues at the membrane surface interfaces (14) . From an electrostatic point of view, the existence of uncompensated charge in close proximity to a medium with lower dielectric constant (for example, the membrane hydrophobic-hydrophilic interface) is unfavorable, and to compensate for this, the positively charged residues placed at the interface are likely to interact particularly strongly with bulk halide ions. Thus, we hypothesized that halide-SAD might be a universal phasing method in x-ray MP crystallography.
To test this hypothesis and to develop protocols for halide-SAD phasing, we selected four target representatives for different large classes of MPs varying in the sizes of their membrane and soluble components: the recently discovered and characterized light-driven sodium pump from the marine bacterium Krokinobacter eikastus (KR2) (15) , the light-driven proton pump from marine actinobacterial clade rhodopsins (MACRs) (16) , a fragment of histidine protein kinase NarQ from Escherichia coli (17) , and a human adenosine A 2A G protein-coupled receptor (GPCR) (18) . We attempted to solve their crystal structures by preparing iodide or bromide derivatives via the cryo-soaking of native crystals in solutions of either NaI (I-SAD) or NaBr (Br-SAD). The results we report here suggest that I-SAD is an efficient, fast, nontoxic, and potentially universal technique for the de novo (that is, not MR-based) solution of MP crystal structures that will help to improve throughput in MP structure determination.
RESULTS
Iodide-single-wavelength anomalous diffraction Diffraction data sets were collected from several different crystals of each of the target proteins after first soaking them in precipitant solution supplemented with 0.5 M NaI (Table 1) . In all cases, diffraction data were collected using x-rays of l = 1.85 Å, where f″ for iodine/ iodide = 9.2 e − (6.7 keV; all values of f ″ quoted are taken from http:// skuld.bmsc.washington.edu/scatter/). For each target, several individual data sets were merged to obtain a single high-redundancy data set for use in structure solution (Table 1) . In all four cases, I-SAD 
; CC 1/2 -correlation coefficient between intensities from random half-data sets; SigAno ¼ n/a n/a n/a n/a phasing of the crystal structure was straightforward ( Fig. 1 and Table 2 ), providing experimental phases that allowed the automated building of initial models, which could be further refined. By including native data sets, we could also test the efficiency of I-SIRAS (single isomorphous replacement with anomalous scattering) phasing of all four crystal structures. This approach (Fig. 2) provided even higher contrast solutions than I-SAD protocols, suggesting that introduction of iodide ions into the crystals had not resulted in significant non-isomorphism. In addition to the above methods, in experiments based on the serial x-ray crystallography MeshAndCollect pipeline (19) , we also collected a succession of partial data sets from a series of iodide-soaked crystals of KR2, each with a maximum dimension of~10 to 15 mm (Table 3 and Fig. 3 ). Here, structure solution was also successful using either I-SAD or I-SIRAS (Fig. 3) , suggesting that large crystals are not necessary for the collection . S1 ), are seen for NarQ, KR2, MACR, and A 2A AR-BRIL-DC, respectively. As can be seen, the highest-occupancy (as estimated from anomalous difference Fourier maps) sites are clustered close to the predicted membrane interfaces. In the same way as was previously observed in the I-SAD crystal structure solution of soluble proteins (9, 10), the iodide ions interact with a wide variety of positively charged amino acid residues, ordered water molecules, and hydrophobic side chains (Fig. 4 and fig. S3 ).
S C I E N C E A D V A N C E S | R E S E A R C H A R T I C L E
To examine the potential universality of the I-SAD method in the de novo solution of MP crystal structures, we examined the availability at the membrane interface of five amino acid residues, namely, arginine, lysine, histidine, tryptophan, and tyrosine in 445 unique transmembrane protein structures deposited in the Protein Data Bank [PDB; www.rcsb.org (20) ; the database of unique MP structures: http://blanco.biomol.uci.edu/mpstruc/]. According to our analysis (Table 4) , 96% of the structures contain aromatic amino acids close to the membrane interface, and 100% of the structures contain positively charged amino acids in this region. This, coupled with the recent report of the crystal structure of the outer membrane b-barrel assembly machinery complex, solved by I-SAD phasing (7), suggests that I-SAD could be a universal technique for the solution of MP crystal structures.
Bromide-single-wavelength anomalous diffraction
To test whether derivatization with bromide might be an alternative method to the I-SAD/I-SIRAS approach described above, we soaked crystals of NarQ and KR2 in precipitant solutions supplemented with 0.5 M NaBr and collected diffraction data sets as presented in Table 5 . For both proteins, despite constructing merged data sets with multiplicities greater than 20, all attempts at Br-SAD/Br-SIRAS structure solution were unsuccessful regardless of whether diffraction data were collected far from (NarQ, l = 0.873 Å; E = 14.2 keV; f″ = 3.4 e − ) or close to the peak of the Br K-absorption edge (KR2, l = 0.920 Å; E = 13.476 keV; f″ = 3.8 e − ).
DISCUSSION
The results outlined above suggest that I-SAD is a potentially universal method for the de novo solution of MP crystal structures. Further advantages of I-SAD are speed, nontoxicity, and simplicity because soaking can be easily done at the crystal-harvesting stage and does not require any additional equipment or safety precautions. In addition, iodide soaking does not, at least in the experiments described here, appreciably disturb crystal quality. Another-not insignificant-advantage lies in the anomalous scattering properties of iodide itself. Although anomalous signals in I-SAD experiments would be optimized by targeting the peak of the L 1 absorption edge of iodine (f″~13.4 e − ; l = 2.4 Å; E = 5.19 keV), routinely accessing the photon energy required is not always possible even on tuneable synchrotron macromolecular crystallography beamlines. However, at l = 1.85 Å, a wavelength usually accessible on these beamlines, the anomalous scattering properties of iodide are still significant (f″ = 9.2 e − ), and in many cases, particularly because our studies suggest the presence of several iodide binding sites in each of the different classes of MPs (Fig. 4) , experiments at, or close to, this wavelength will be more than sufficient for structure solution. Therefore, we carried out our experiments at l = 1.85 Å, using a multicrystal approach to produce the highly redundant data (Table 1) , which is often required for SAD structure solution (21) . Our experiments also show that I-SAD phasing of MP crystal structures using data collected in a serial fashion from many microcrystals mounted on a so-called fixed target is also possible. Considering that often it is hard to grow MP crystals of sufficient size for standard data collection, this latter conclusion is very important, suggesting that serial I-SAD data collection methods might also be successful for MP crystal Heavy atom substructure determination (SHELXD, left) and phase calculation and extension (SHELXE, right) for I-SIRAS phasing for each of the four targets investigated. As might be expected, I-SIRAS produces both clearer substructure solutions and better contrast in electron density maps phased using the two possible hands (see Fig. 1 for a comparison) .
structure solution using diffraction data collected at x-ray free-electron lasers (22) or at next-generation diffraction-limited storage ring synchrotron sources.
A notable result of the investigations described here is that Br-SAD does not appear to be a routinely viable method for the de novo solution of the crystal structures of MPs. This is intriguing, particularly because Br-SAD is a relatively well-used technique for the solution of the crystal structures of soluble proteins (9) . Subsequent analysis of NarQ and KR2 Br-SAD anomalous difference Fourier maps (Fig. 5 ) revealed peaks indicating both that Br − binds to these proteins and, moreover, that many of the Br − binding sites observed coincide with the sites observed for binding of I − in the corresponding I-SAD experiments. Thus, Br-SAD/Br-SIRAS phasing of MP crystals structures should be possible. However, a Table 3 . Data collection, structure solution, and initial model building statistics resulting from I-SAD/I-SIRAS phasing of the crystal structure of KR2 using diffraction data collected using serial methods. major disadvantage of Br-SAD experiments is that the maximum f″ that can be induced around the Br K-absorption edge is~4 e − . This compares to f″~9.2 e − for I-SAD experiments carried out at l = 1.85 Å. Anomalous signals in Br-SAD experiments will thus be significantly lower than for long-wavelength I-SAD (see Fig. 6 for an illustration of this). Successful MP Br-SAD experiments will thus demand higher-accuracy data than I-SAD. This will generally require higher multiplicity measurements and/or the merging of more individual data sets, Table 4 . The analysis of presence at the membrane hydrophobic-hydrophilic interface of arginine (R), lysine (K), histidine (H), tryptophan (W), and tyrosine (Y). As outlined in the main text, 445 unique transmembrane protein crystal structures deposited in the PDB were analyzed with, in each case, the membrane surfaces represented by two parallel planes calculated by Lomize et al. (42) . Amino acid residues were considered to be present at the membrane interfaces if its C a atom was not more than 7 Å from the membrane surfaces defined above. 
I-SAD I-SIRAS I-SAD I-SIRAS
; CC 1/2 -correlation coefficient between intensities from random half-data sets; SigAno ¼ and Br-SAD will thus be less conducive to high-throughput MP structure determination.
MATERIALS AND METHODS
Protein expression and purification Expression and purification of the sodium-pumping rhodopsin KR2 (UniProt ID N0DKS8) and the chimeric protein A 2A AR-BRIL-DC of human A 2A adenosine receptor (A 2A AR) with a thermostabilized apocytochrome b 562 RIL (UniProt IDs P0ABE7 and P29274) in complex with ZM241385 were performed as described by Gushchin et al. (23) and Liu et al. (24) , respectively. Expression and purification of the nitrate/nitrite sensor kinase NarQ The nucleotide sequence encoding residues 1 to 230 of the nitrate/nitrite sensor kinase NarQ (17) (UniProt ID P27896) was cloned from E. coli strain BL21 (DE3) and introduced into the pSCodon1.2 expression vector (StabyCodon T7, Eurogentec) via Nde I and Xho I restriction sites. Consequently, the construct harbored a C-terminal His 6 tag. NarQ was then expressed in E. coli strain SE1 (StabyCodon T7, Eurogentec). Cells were cultured in shaking baffled flasks in ZYP-5052 auto-inducing medium (25) containing ampicillin (100 mg/liter). After incubating for 2 hours at 37°C, the temperature was decreased to 30°C, and incubation continued overnight. Harvested cells were disrupted in M-110P Lab Homogenizer (Microfluidics) at 25,000 psi in a phosphate-buffered saline buffer with addition of deoxyribonuclease (DNase) I (50 mg/liter; Sigma-Aldrich) and EDTA-free protease inhibitor cocktail (cOmplete, Roche). The membrane fraction of cell lysate was isolated by ultracentrifugation at 90,000g for 1 hour at 4°C. The pellet was resuspended in a buffer containing 50 mM NaH 2 PO 4 /Na 2 HPO 4 (pH 8.0), 0.3 M NaCl, and 2% n-dodecyl-b-D-maltoside (DDM) (Anatrace, Affymetrix) and stirred overnight for solubilization. The insoluble fraction was then removed by ultracentrifugation at 90,000g for 1 hour at 4°C. The supernatant was loaded on a gravity flow column containing Ni-NTA resin (Qiagen), and the protein was eluted in a buffer containing 20 mM trisHCl (pH 8.0), 0.3 M NaCl, 0.2 M imidazole, and 0.1% DDM. Imidazole was then removed by dialysis against 20 mM tris-HCl (pH 8.0), 0.3 M NaCl, and 0.1% DDM for 3 hours. The eluate was subjected to sizeexclusion chromatography on a 125-ml Superdex 200 PG column (GE Healthcare Life Sciences) in a buffer containing 20 mM tris-HCl (pH 8.0), 0.3 M NaCl, and 0.1% DDM. Protein-containing fractions were pooled and concentrated to 30 mg/ml for crystallization. Expression and purification of proton-pumping rhodopsin MACR The nucleotide sequence encoding Candidatus Actinomarina minuta opsin gene (MACR, UniProt ID S5DM51) (16) was cloned from metagenomic fosmid MedDCM-OCT-S44-C50 without any optimization and was introduced into the pSCodon1.2 vector via Xba I and Bam HI restriction sites. Consequently, the expressed construct harbored an additional C-terminal tag with a sequence PGGGSHHHHHH. E. coli strain SE1 cells were transformed with the pSC-MACR-His6 plasmid. The cells were grown at 37°C in shaking baffled flasks in ZYP-5052 auto-inducing medium containing ampicillin (100 mg/liter). After the glucose level in the growing bacterial culture dropped below 10 mg/liter, 10 mM all-trans-retinal (Sigma-Aldrich) was added, the temperature was reduced to 20°C, and incubation continued overnight. Collected cells were disrupted using the M-110P Lab Homogenizer at 25,000 psi in a buffer containing 20 mM tris-HCl (pH 8.0), 5% glycerol, 0.5% Triton X-100 (Sigma-Aldrich), and DNase I (50 mg/liter). The membrane fraction of cell lysate was obtained by ultracentrifugation at 90,000g for 1 hour at 4°C. The pellets were resuspended in a buffer containing 50 mM NaH 2 PO 4 /Na 2 HPO 4 (pH 8.0), 0.1 M NaCl, and 1% DDM. The mixture was left overnight for solubilization. The insoluble fraction was removed by ultracentrifugation at 90,000g for 1 hour at 4°C . The supernatant was loaded on a Ni-NTA column, and the His-tagged protein was eluted in a buffer containing 50 mM NaH 2 PO 4 /Na 2 HPO 4 (pH 7.5), 0.1 M NaCl, 0.5 M imidazole, and 0.2% DDM. The eluate was subjected to size-exclusion chromatography on a 125-ml Superdex 200 PG column in a buffer containing 50 mM NaH 2 PO 4 /Na 2 HPO 4 (pH 7.5), 0.1 M NaCl, and 0.01% DDM. Protein-containing colored fractions were collected and concentrated to 40 mg/ml for crystallization.
Protein crystallization and iodide soaking All crystals were grown using the in meso approach used in some of our previous work (23, 24, 26, 27) . NarQ, MACR, and KR2 in their respective crystallization buffers (see above) were added to the monoolein-formed lipidic phase (Nu-Chek Prep), whereas the solubilized A 2A AR-BRIL-DC/ZM241385 complex was mixed with monoolein containing 10% (w/w) cholesterol. The protein-LCP (lipid cubic phase) mixtures (40-to 50-nl aliquots in the case of A 2A AR-BRIL-DC and 100-nl aliquots in all other cases) were spotted on 96-well LCP glass sandwich plates For both NarQ and KR2, the anomalous difference Fourier maps shown are those calculated using anomalous differences in the individual I-SAD data sets of the highest resolution, as detailed in Table 1 , and in the merged Br-SAD data sets, as detailed in Table 5 . Table 1 , whereas those for Br-SAD are as detailed in Table 5 .
(Marienfeld) and covered with 800 nl of precipitant solution (see below) using the NT8-LCP crystallization robot (Formulatrix). Crystals were grown at 20°C and reached their final sizes within 2 to 8 weeks.
The best crystals of NarQ were obtained using 0.6 M KH 2 PO 4 / Na 2 HPO 4 (pH 4.6) (Qiagen) and 5 mM NaNO 3 as the precipitant solution and grew to 50 to 100 mm in size. For KR2, the best crystals were obtained using 2.0 M sodium malonate (pH 4.3) (Hampton Research) as a precipitant solution and grew to 70 to 100 mm in size. The best crystals of MACR were obtained using 2.6 M (NH 4 ) 2 SO 4 and 0.1 M sodium acetate pH 5.2 (Qiagen) as the precipitant and were 100 to 150 mm in size. The best crystals of the A 2A AR-BRIL-DC/ZM241385 complex were obtained using a precipitant solution comprising 32% polyethylene glycol 400, 25 mM NaSCN, and 0.1 M sodium acetate (pH 5.0) and grew to 40 to 60 mm in size. For serial crystallography SAD experiments, we obtained crystals of KR2 (10 to 15 mm in size) (Fig. 3 ) using 2.5 M sodium malonate (pH 4.3) (Hampton Research) as the precipitant.
Once crystals reached their final size, crystallization wells were opened as described elsewhere (28), and drops containing the proteinmesophase mixture were covered with 50 ml of the respective precipitant solution. For native data collection (Table 1) , harvested crystals were incubated for~5 min in the respective precipitant solutions. In the case of NarQ, this was supplemented with 20% glycerol as a cryoprotectant. For I-SAD experiments, the incubation solution was supplemented with 0.5 M NaI. For Br-SAD experiments, the incubation solution was supplemented with 0.5 M NaBr. After incubation, crystals were loaded onto MicroMounts and MicroMeshes (MiTeGen), flash-cooled, and stored in liquid nitrogen.
X-ray crystallography X-ray diffraction data were collected on the European Synchrotron Radiation Facility (ESRF) beamlines ID23-1 (29) or ID23-2 (30) equipped with Dectris pixel array detectors. For I-SAD experiments, diffraction data from crystals soaked in NaI were collected at l = 1.85 Å. The x-ray beam size at the sample position was varied from 10 to 50 mm in maximum dimension depending on the crystal size. Experimental parameters for optimal data collection were designed using the program BEST (31) . Diffraction images were processed with XDS (32) and XSCALE (32) , which was also used to merge and scale different data sets (see Table 1 for details). Structure factor amplitudes, anomalous differences (DANO), and FreeR labels were then generated using the CCP4 programs POINTLESS and AIMLESS (33) .
The KR2 I-SAD serial data collection was carried out as described by Zander et al. (19) using x-rays of l = 1.85 Å. Here, 171 partial data sets were successfully processed, and hierarchical cluster analysis (34) was then used to select 136 of these for merging/scaling to produce the final data set. Structure solution and refinement were then carried out as described below for data sets obtained in a "standard" fashion. For the serial crystallography I-SIRAS experiments, the native data set was collected in a standard way, and only 39 of the I-SAD partial data sets were merged to provide the derivative data set.
For Br-SAD experiments, diffraction data from crystals of NarQ soaked in 0.5 M NaBr were collected at l = 0.872 Å, whereas for KR2 crystals soaked in 0.5 M NaBr, diffraction data were collected at l = 0.9198 Å. Data processing, merging, and reduction were then carried out as described above for I-SAD experiments (see Table 5 for details). The native data sets were required for both I-SIRAS and Br-SIRAS structure solution protocols and were recorded at either l = 1.85 Å (KR2 only) or l = 0.972 Å, with data processing and reduction carried out as described above for I-SAD experiments (see Table 1 for details).
Structure solution and refinement I-SAD and I-SIRAS phasing protocols were carried out using the SHELXC/D/E pipeline as implemented in HKL2MAP (1000 trials for substructure determination) (35, 36) . ARP-wARP (37) or phenix. autobuild (38) was then used for automated model building. Final structural models (Table 2) were obtained by alternating cycles of manual building in Coot (39) with refinement in REFMAC5 (40) .
Figures illustrating the final models obtained were prepared using PyMOL (41) . Anomalous difference Fourier maps were calculated with fast Fourier transform (FFT) (CCP4) using DANO and a calc + 90 o as coefficients (a calc = calculated phases from the final refined models) and were then used to verify the number, position, and occupancy of iodide ions in the individual and the merged I-SAD data sets (Tables 1 and 2 and fig. S1 ), with, for each target, only those common to at least half of the data sets included in the final models.
Br-SAD and Br-SIRAS de novo phasing protocols for NarQ and KR2 were also carried out using the SHELXC/D/E pipeline as implemented in HKL2MAP (10,000 trials for substructure determination). However, none of our attempts resulted in successful structure solution. This being the case, structure refinement based on the model obtained from native crystals was carried out using REFMAC5 and Coot. Anomalous difference Fourier maps were then calculated with FFT (CCP4) using DANO and a calc + 90 o as coefficients (a calc = calculated phases from the final refined models) and were used to verify the number, position, and occupancy of bromide ions in each of the individual and the merged Br-SAD data sets.
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